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1NTRODUC TION

The design of larg..,, liquid propellant rockets and booster systems

involves con_ideratiort of various tank configuratio_s and the forces and

ta#.. contained liquids. In viewn_oments resulting from sloshing of _ ,

of tht: c ustor_ary high finet,_ess ratio of ._uch vehicles, most emphasis

has been placed on cylindrical tank_ {I,2)_"; however, in many instances

where high strength-weight ratios are of great importance, in cornbi-

nation with other factors, spherical tanks have been employed. Knowl-

edge of sloshing bebavior in spherical tanks is considerably more

limited than for cylindrical tanks, partially because of the increased

complexity of theoretical analysis. !

Virtually the only theoretical analysis available for spherical

tank sloshing is that of Bndiansky (3) and, although somewhat sophisti-

cated integral equation techniques were emplayed, the analysis is

strictly valid only' for the cases ol the nearly empty, one-half full,

and nearly full tank. The lowest three or iour natural freqaeactes

of the liquid free surface r_lotion, over the entire range of liquid

depths, have been determir_ed experimentally by McCarty and Stephens

(4), cotffirming the theoretical values predicted by Budiansky {3} for

the nearly empty and one-half full conditions.

Nurnber.,_ in parenthes_s refer to the Reference,", gtvt, n at the end

of the paper.
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The purpose of the present paper is to present experimental data

on the forced vibration characteristics of partially filled unbaffled and

baffled spherical tanks. For the unbaf£1ed tank, comparisons are made

with pre, usly measured natural frequencie_ (4) and with the predictions

of the Budiansky analysis (3). For the baffled tanks, comparisons are

made with the force response predicted from an equivalent mechanical

_del. *

This analogy was developed by one of the authors, W. H. Chu, and

is presented in the Appendix to this paper,
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EXI-'E RILII,:N'I'A L RESULTS

_fhe SwRI slosh te:_'t t?,x_itity, previously described in (5), was

modified to accorn_nod_.tte a _,pberical tank approximately 15 inches in

diameter (internal d_,;.ll_et,._r oi 14.5 inches), qhe tank was fabricated

in two halves fron_ 10Z0 _teel sheet by' spinning and was assembled by

means of an equatorial flange; the tank was intended to be rigid° Instru-

mentation consisted of a :lynamometer _'ystem for measurenaent of total

force and moment response (5) and a small array of pressure cells.

The excitation was translational in the horizontal direction.

For the studies of the effects of baffling, six perforated ring

baffles ot Z3% open area were employed. The baffles were fabricated

from 0.016 in. thick perforated brass sheet h:aving 0. 020 in. diameter

holes and were mounted in the tank so as to form great ctrcles at 30 °

to each other. The baffle width was _. 06 ino (baffle width to radius

ratio of 28.5%)0 Tests were coaducted with the baffles in two different

orientations; the horizontal orientation is sbown in F_.gure 1". The

vertical, orientation was formed simply by rotating the sphere 90 ° , ._o

as to form lines of longitude. In both orientations, the sarne cross-see-.

tion of the sphe,'e (containing one of the baffles) is normal to the tran.s-

lational excitation axis; hence, in ]Figure I the axis of translation is

normal to the page. t

q

Certain ot the pres_ure cells rnay also be seer, in this .(igure., ]
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Total Force I_esponse - Unbaffled Tank.

As a matter of simple comparison, pre_,vious data (3,4):for first

mode natural liquid frequency variation with depth is shown, together

with present SwRI data, in Figure 2. The natural .frequency v_ n is

given in tex'rns of the n_n-dimensienal p_rarneter _0n2d/a , where a

r.'epresents a vertical acceleration fteld.

Tc,._l force response, in terms ,)f dimensionless amplitude and

phase an, _.e, i.s sho_n as a function of the frequency pad's.meter at

various liquid depths ira l._igures 3-6. The vertical l':ne in each plot

represents the fundamental liquid resonant frequency'.

The effect of different excitation aml_litude0 X o, is shown in Fig-.

ures 4, 5, and 6. Lower values of excitation amplitude generally appear

to produce somewhat greater response for frequencies less than the fun-

damental, and lower response for frequencies greater than the fundamental.

Figure 6, corresponding to a nearly full tank, shows a prominent peak _._

response only for the lower excitation amplitude, the higher e:tcitati.on

amplitude apparently introducing stffficiently terge _,mplitudes of free

surface motions that the damping becomes quite high.

Figures 3, 4, and 5 also contain theoretical force response curves

as obtained frona Budiansky's analysis (3)" . The _n-phase portions of these

Since the theory" is strictly valid only for h/d_ 0 and 0.50, the
t

values for h/d - 0, Z5 and 0,75 were obtained by estimating wtlues !

from the interpolated curves given in (3), with consequent
inaccuracies.
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curves generally s:how good &greenmnt oetweer_ theory and experimenl,

the out-of-phase portions show son_ewbat poorer agree_nent, "_ith the,

experimental data corresponding to lowe:_ excitation amplitudes being

much closer to the theoretical curves than. that corresponding to the

higher e:=citation amplitude. The effects of larRe excitahon amphtudes

are therefore again emphasized.

As a further corrlparison between the Budiansky theory (3) amt

the experimental re sponse data, experimentally det errrfi ned l_r'c s.sure

distribution data for h/d - 0. 50 and Xo/d _ 0., 008Z8 (high excitation

amplitude) was i.ntegr_.te.d to give total force, as shown in Figure 4_

The agreement with the Budiansky theory is good; this, however, is

probably only a fortuitous circumstance because the pressure data is

i
not sufficiently detailed to permit accurate integration (see below).

!
I Pressure Distribution - Unbaffled Tank.

_: Figure 7 shows experimental wal! .nr,:,,_-__._.... m,_,.0o_.*:,,_',_,__._...,__.._.. data,
!

I:: similar to that presented previously for cylindrical tanks (6). The

wall preszures are given in non-dimensional form as a function of

4
pressure cell location ;g/d (measured vertically trom tbc tank bottom),

with excitation frequency as a parameter. The pressures are, ot

course, those normal to the tank wall. A few measured values were

also obtained along linen of latitude at ;z/d - 0.5, 0., 375, and 0. 25, An

is evident from Figure 7, there are not stffticient measured values to
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Ior in|:,."gra.tiol-t to obtain tot_l. :(or(c r,,st_ort._e (see above); the d.a_a g[vet._

1_ t:h_:refore u._;efu.1 primarily to ind'ic_t:e t:t"ends a_"s,! w_,l_mt_de:-; 'l he

mi.tgni.l.tld.es of the pressures a'|'e, h'_.c:'_der,l:_l].y., (:ons;dorably t',.i._t°_er

than ior an equiv_;den_: cylindrica:, tardy, ((,),

T,,'_,r.ai ,F'orce. p o,spon_a - .B_ff_ed Iank.

Total force r(.'.sponse data for the ,._,i).)_e:__ al taok w_th e it].zt:v .ho.__ ......

zot_tal or ver_iea.] :perforated ring bahai"t,-.,..; (F_.g_tre 1) are ehowr)'_n ;_"igtare_;

8 and 9. Both ba.f'.fle o.vientati, o_¢_ provide ia.rge force ar:_ptit.ude dax__pir_F;,

wi.th the ho_.i.zontai arrangement being conside:ra.b]_, re.ore ef,fective in

thxs reapect tha)_ the vertica.l arrange_ento _fhis _s expected from. the

orientation o¢ the rings with respect to the liquid fre_; surface°

FOr rather full t.mb_ffled tanks (h/d ;_ (L 75}, as may be infer.)ed

from Fig, ure 6, tP.e peak. force response _,_ sutTft.ci.ently small so as to

be more like that of a wetl-baf.f!ed tank, I,.',. fact, for h/d _ 0,875 and

Xo/d = 0,00828, the force response for the unbaffled tank and :for the

tank with eitb.e_' hori_,.ont_,.[ or vertica.l baffles are virtua_ly the name.

_{em_ce, one could conclude (:hat baffling _s req3fired ia spheri.c_.d tanks

only for h./d _ 3/4_ at the excitation ampli'udes conzi, dered. For very

shal.low /iqui.d deI-,th_, say h/d _ 0.25, the horizo_dal b;._ffle orient.atiotx

pro.vide:_ _tlm, o,,nt c<_mplet,':, suppre,_,_.on of the forc(_ :response° .As m_.W

be noted part_cul;(,rly f'_'om boil) ._'igur,'.-,,,_ 8 a.,td 9, the pr(,s(-,_).ce _.,,,fbaf_:_es

al,,_o "t)._s a signal'S.cant el:feet i,nlow_::ri_g .*he ft.m.da_)';e)tl.ai liq_._b) ,-_,s_.);,_,,_t

r e qt.,_,_,no y,
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an equ_.valent mechanical _.vlodel, t_, ir_corpo:rati_ viscous da.,._hpot_;

into the mecha._'[cal elemerlts of tile _xto¢lel, it is therefore pos,_ible to

employ such 1,nodels ,for representation of baf:_led tanks _'_.

Using the g values given in the preceding section, force response

] •curves have beren calculated from the mechanical model for the sI. heracat

tank with vertical baffles with h/d - 0.50 and 0.75, as shown in Fig_:tres

8 and 9. In both cases, the predicted values of the peabr response are

considerably below the measured values, while the value of tb, e frequency

parameter at which the peak occurs is considerably higher for the cal,-

culated data than for the measured data. Recognizing that the g vaiues

obtained from the experimental data are probably not too accur, :e, the

case of vertical baffles at h/d = 0.50 was also calculaU-d :ior a smaller

value of damping (g * 0.25), rather than the value of g = f_. 31 originally

obt_.ined, with cor_sequent better agreement in peak value with the

measured data (see Fig. .S),

.As has been noted in the earlier discussion of this paper, slosl'::'.ng

tn spherical tanks appears to ir, volve much larger free surface amplitudes

than is customar._ly observed in cylindrical tanks, even at very low exc:_.o

tation arnp]._.tudes, so that an e_sentially larger degree of nonlinearit}"

is present. This is particularly' evidenced by the differences between.

tb, er_easuredforccresponse and that predicted by theory, and the "very

:'_ See (7) t'o..r a di..cusszon- of _echani.cal, m(_dels, for cylindrical,

tarlks, The derivation of the mec;t:,an_cal model for the present

case of a spherical tank is _,iven ir_ the ,_ppendix to th_s paper.
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lar[,_e dampirig _tnd r_du_t:_on i_ liquid n;:tt.ural fr_quen_:ies produc_'d by

both baffle arrange:r.ents. "t"h.u_, while the response curve:_ calcu]atefi

from the equivalent rr_e_:hanica| model represuntat'_on, based on, damping
A

values obtait_ed frorn the measured data, are oot an particularl'¢ good t
|

agreemelat v.'tth the measured force :response, the disagreement is

probably no _nore tha_ should be e×pectcd from a ltnearized represen.-

tatiov,
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DISCUSSION AND CONCLUSIONS

The results of this study would appear to rcveal several important

features of slo,_hing in spherical tanks. For example, while the basic

predictions of the Budiansky theory (3) have been confirmed, particu,-

larly for liquid natural frequency, the force respons,, is quite dependent

on the magnitude of the excitation amplitude. Hence, large amplitude

liquid free surface motions are more easily excited and appear to be of

more importance in modif,/ing the total force response in spherical

tanl_s than in cylindrical tanks.

Perforated ring baffles oriented horizontally appear to be quite

effective in providing force amplitude damping, with significant lowex _..

ing of the fundamental resonant frequency. No baffling is apparently

required for large liquid depths, say h/d > 3/4. A linear mechanical

model representation for baffled tanks would appear to be satisfactory

only for order of magnitude estimates.
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APIq£NDIX - EQUIVALEN'[" MECHANICAL MODEl., FOR
SLO_3HING IN A SPHERICAL TANK

Consider a pendulum oscillating about the y-axis thrt,ugh the

centroid of a spherical tank, as shown in Figure A-1. Equilibrium

of forces yields

Fx,_ L T._ _,_ 6_ _ T.o. (on tank wall) (A-1 )

E qdF,-,,_ _,a :.o_.,-To- (_,,,<._-.,.,s,') -., (h..Z)

i: where "_n is the tension in the nTM pendulum, _. is the mass of the

_*_ pendulum, ands. is the effective gravitational acceleration. Then

with

al I!

" _-l&

we have

lei_= 1:1,,,,I" ....... ,t t_o _ X_.
..o .., t,_.'-_"X__,./a)

" Z E °'''' ......'= l,'i,_l_ r + i_,,dxl (A-4)

t

(

1
J
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With FT _']4, $�8�,a similar e×pression for _] can be obtanmd,,

From Budiansky_s analysis (3), the sloshing force on the tank

can be derived from Lagrange_s equation,

0m _o

"_he re

f_ll '

" _" _U

we have

%

so that

IO

lxt-( _--_"_-,') (A-61

It follow_ that

I

as required.
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Since the angle 0_ may he e_ther ln--pha_e or out,.oi,pha,sc with

k_ , a collection of conical pendulums hinp_ed at the centroid of the

sphere may collide during motion. Therefore, the set of pendulum_

will be hinged along the y-axis, as shown in Figure A-2. The twisting

moment about the centroid of the sphere will be zero if each pendulum

i_ now divided into two pendulums of equal mass but a,t equal and

opposite distances _ from the center (these distances are s'gf_ciently

large so that the pendulums will not collide with one another or the

tank; 2]_.
-_- _ _-- r. of__ .._,,I ). An identical set of pendulums is hinged

along t}_._ x-axis.

To account fcr the presence of damping, the hinge point of each

pendulum, is replaced by an idealized viscous joint which produces a

damping moment produces a shear force in the pendulum arm and at

the point mass m. , opposing the motion and having _he magnitude
Q

V ..p,_b._. Ho._.
#

>L ' IF° -- -vv_ _ @_,-w.,O, S,._@n - _XT):_tO . . I 0 (A-7}

Now, let !

f.-,,,.-C_°_° i

The horizontal force is then

' , ,, , H,ii- -- --
......... ' k .'"',., ! = • _ _.-. i- ,. _ __

1964019488-TSB08



.u v_,, O_ Xl' (A-8)

and the moments on the tank provided by the viscous joints are

'

If each viscous joint is elimi, nated by adding a pair of dashpots

which produce a pure moment on the tank equal and opposite to the

damping moment on the pendulum, then _ ..t • The vaiues of _

are, of course, to be deternxined in advance by other calculations,

model tests, etc., while _ is to be selected so as to provide the

correct moment. If the viscous moment on the tank is negligible,

then _ = o •

!
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FIGURE 2 LIQUID FUNDAMENTAL RESONANT i
FREQUENCY VARIATION WITH DEPTH
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FIGURE A-I ANALYSISOF A SUSPENDEDPENDULUM
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FIGURE A-2 EQUIVALENT'MECHANICAL SYSTEM
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